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Abstract

A high-throughput method for analyzing cellular response to crystallinity in a polymer material is presented. Variations in

crystallinity lead to changes in surface roughness on nanometer length scales, and it is shown that cells are exquisitely sensitive to

these changes. Gradients of polymer crystallinity were fabricated on films of poly(l-lactic acid) using a gradient in annealing

temperature. The resultant morphologies were characterized using an atomic force microscope. Root-mean-square (rms) roughness

values ranging from 0.5 to 13 nm were created on a single sample. MC3T3-E1 osteoblastic cells were cultured for 1, 3 and 5 d, and

the number of cells was measured using automated fluorescence microscopy. It is shown that the rate of proliferation on the smooth

regions of the films is much greater than that on the rough regions, and a monotonic variation in rate is observed as a function of

roughness. The critical rms roughness, above which a statistically significant reduction in rate of proliferation occurs, was

approximately 1.1 nm. Fluorescence microscopy measurements on immunostained cells indicate there is no significant change in cell

area, the number or type of adhesions formed, or the degree of actin polymerization. Results from enzyme-linked

immunofluorescence assays indicated that there was no detectable change in adhesion protein accessibility, suggesting the cells

directly respond to substrate topography. The use of the gradient library approach yielded the functional dependence of cell

proliferation on nanometer-scale roughness and gave a sensitive estimate of the critical roughness for which a decrease in

proliferation is observed.

r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The interaction of cells with materials is a highly
complicated subject, but one that is important both in
cell biology and a broad range of medical applications.
The response of cells to structured surfaces suggests they
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are sensitive to substrate topography [1–4], but it has
been difficult to perform systematic investigations of
cellular response to this material variable. Investigating
these interactions can be further complicated by
variations in cell population [5] and culture conditions.
To address these issues we have been developing high-
throughput methods for investigating cell–material
interactions [6]. The approach is based on a gradient
library technique where a single sample is created with
a systematic variation in material parameters along
one or two orthogonal directions so that the cellular
response across the sample maps out the influence of
this parameter. For the one-dimensional libraries,
adherent cells along the direction orthogonal to the
gradient experience essentially identical conditions, and
the average response may be measured in a statistically
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relevant manner. In this preliminary study we
have investigated the proliferation of osteoblastic
MC3T3-E1 cells to a fundamental material variable:
crystallinity.
There have been reports of cellular response to

crystalline materials but to our knowledge, no one has
performed a systematic study of the influence of
nanometer-scale roughness on adherent cells. Park
and Griffith [7] performed a study of spheroid formation
by hepatocytes and proliferation of fibroblasts on
poly(l-lactic acid) (PLLA) substrates, the results of
which suggest cells proliferate more slowly on crystalline
vs. smooth PLLA. However, their conclusions were
slightly complicated by the use of glancing-angle X-ray
diffraction to characterize the substrates, a technique
that is well suited for assessing the degree of crystallinity
but does not directly yield information on topography.
Mikos et al. [8] investigated tissue ingrowth through
porous scaffolds composed of semicrystalline or amor-
phous poly(lactic acid) that were implanted in rat
mesentary. For the samples that were not soaked in
saline solution prior to implantation, there was a nearly
twofold reduction in percent tissue in-growth through
the crystalline scaffolds after 10 d as compared to the
amorphous scaffolds. Their results also suggest qualita-
tively that cell proliferation is adversely affected by
substrate roughness, but the functional dependence was
not established.
In this work we investigated the sensitivity of

osteoblastic MC3T3-E1 cells to changes in nanometer-
scale structure. Single samples having variations in
degree of crystallinity that lead to changes in roughness
from less than 1 to 13 nm were prepared and the
proliferation measured as a function of position across
the samples. Experiments probing the concentration or
conformation of adherent attachment proteins were also
performed to probe whether the observed effects were
truly due to substrate topography. Immunofluorescence
staining was done to investigate some possible mechan-
isms of the observed effects.
2. Materials and methods

2.1. Materials

PLLA was obtained from Polysciences. Solutions
were prepared by dissolving PLLA in chloroform
(Fisher), and insoluble contaminants that could act as
nucleation sites for crystallization were removed using a
0.2 mm filter. The substrate used for polymer-film
coating was a polished silicon wafer (Wafer World,
Inc.) that was exposed to UV radiation for 5min to
create a hydroxide coating. Following UV treatment,
the wafer was immersed in 2% solution (by mass
fraction) of chlorodimethyloctylsilane (Aldrich) in
toluene (Fisher) for 30min, gently rinsed in toluene
and placed under vacuum at 150�C for 2 h. This
creates a hydrophobic surface to which PLLA will
adhere when the substrate is immersed in aqueous
media.

2.2. Gradient library preparation

Solutions of 3% PLLA in chloroform (by mass
fraction) were prepared and cast onto a silanized silicon
wafer using a custom-built flow-coater [9] and kept
under vacuum at room temperature for 10 d to remove
residual solvent. Film thicknesses ranged from 250 to
350 nm as measured using a Filmetrics interferometer.
The samples were cut into 6 cm� 1.5 cm coupons and
annealed on a custom-built temperature gradient stage
[9] with the limits of the stage held at 44�C and 100�C.
The linearity of the temperature gradient was verified
using an array of thermocouples [10], and the homo-
geneity of the resultant crystallinity gradient was verified
using optical microscopy.

2.3. Substrate topography measurements

Tapping-mode atomic force microscopy (AFM) was
performed with a Digital Instruments Dimension 3100
Nanoscope III. The root-mean-square (rms) roughness
was calculated for each image using the instrument
software. The standard uncertainty is denoted by the
error bars, which represent the standard deviation over
multiple measurements.

2.4. Cell culture

Established protocols for the culture and passage of
MC3T3-E1 cells were followed [11]. Cells were obtained
from Riken Cell Bank (Hirosaka, Japan) and cultured in
flasks (75 cm2 surface area) at 37�C in a fully humidified
atmosphere at 5% CO2 (volume fraction) in a modifica-
tion of Eagle’s Minimum Essential Medium (Biowhit-
taker, Inc., Walkersville, MD) supplemented with 5%
(volume fraction) fetal bovine serum (GIBCO, Rock-
ville, MD) and kanamycin sulfate (Sigma, Inc., St.
Louis, MO). Media was changed twice weekly and
cultures were passaged with 2.5 g/l trypsin (mass
fraction 0.25%) and 1mmol/l EDTA (GIBCO, Rock-
ville, MD) once per week. Cultures of 90% confluent
MC3T3-E1 cells were trypsinized, washed and sus-
pended in fresh media. One hundred thousand cells
diluted into 4ml of media were added to wells contain-
ing the gradient libraries and given 10min to settle
before the samples were moved to the incubator. When
performing the proliferation experiments it was crucial
to seed the cells evenly and give them time to form
preliminary attachments before transporting the flask to
the incubator; even slight vibrations were capable of
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Fig. 1. Plot of PLLA nucleation rate in units of number of crystallized

monomers/s/mol as a function of temperature as predicted by Eq. (1)

in the text. The vertical line represents the melting temperature of Tm

of bulk PLLA.
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producing clumps of cells in the center of the sample
that would lead to significant variations in the numbers
of cells at each position. Samples were cultured for 1, 3
or 5 d without changing medium and fixed using 4%
formaldehyde (by mass fraction) (Aldrich) in phosphate-
buffered saline.

2.5. Automated fluorescence microscopy

Cells were stained with 4,6-diamidino-2-phenylindole
hydrochloride (DAPI) for cell-counting and counter-
stained with phalloidin:Texas Red (Molecular Probes)
for measuring degree of actin polymerization per cell or
Texas Red:maleimide (Molecular Probes) for measuring
area per cell and mounted on a microscope slide using
Vectashield mounting fluid (Vector). Automated fluor-
escence microscopy was performed with a Leica DMR
1200 Inverted Microscope equipped with a computer-
controlled translation stage. The samples were imaged in
a (10� 10) grid at a magnification of 10� . These
spatially correlated counts were used as a measure of
proliferation as a function of position. The data at 1 d
were also used to verify that the cell seeding resulted in a
homogeneous coating of cells, both parallel and
perpendicular to the gradient.

2.6. Focal adhesion imaging

Focal adhesions were stained using a paxillin anti-
body (Transduction Laboratories) and species-specific
secondary antibodies (Jackson Immunoresearch) and
imaged with a Zeiss laser scanning confocal microscope
at 63� .

2.7. Enzyme-linked immunofluorescence assay (ELISA)

Variations in the amount or conformation of sub-
strate-bound attachment proteins were investigated with
an Amplex ELISA kit (Molecular Probes) on discreet,
homogeneous samples. Human fibronectin was obtained
from Chemicon International. Mouse anti-human fi-
bronectin developed by Schoen et al. [12] was obtained
from the Developmental Studies Hybridoma Bank
developed under the auspices of the NICHD and
maintained by the University of Iowa, Department of
Biological Sciences, Iowa City, IA 52242. Mouse anti-
human vitronectin 615.2C3.23 (Innovative Research)
was used to stain for bovine vitronectin from serum and
found to have good cross-species reactivity. Absorbance
measurements were performed at 580 nm, with a back-
ground reading due to non-specific binding of 1200.
The standard uncertainty is denoted by the error bars,
which represent the standard deviation over multiple
measurements.
3. Results and discussion

3.1. Library preparation and characterization

The crystallinity libraries are made of PLLA having a
gradient in degree of crystallinity created by annealing
on a temperature gradient. This method has been shown
to be of use in investigating the crystallization kinetics of
other polymers such as isotactic polystyrene [10].
Polymer crystallization occurs via the formation of a
critical nucleus from which crystallites grow at a linear
rate that is determined by the transport properties of the
polymer. The rate of crystallite nucleation I� is
determined by the Gibbs free energy of crystallization
DG�, which decreases sharply below the melting
temperature Tm, and the Gibbs free energy of activation
DGZ, which increases as the glass transition temperature
Tg is approached from above, I� is modeled as having
the following functional form [13]:

I� ¼ ðNkBT=hÞexp � ðDG� þ DGZÞ=kBT
� �

; ð1Þ

where N is the number of uncrystallized elements able to
participate in nucleation, kBT is the thermal energy, and
h is Planck’s constant. This equation predicts a roughly
parabolic rate of crystallite nucleation, shown in Fig. 1,
which is due to competition between the increased
stability of nuclei and the decreased polymer mobility as
the temperature is lowered. Fig. 1 was generated using a
reaction rate theory expression for DG�, a WLF-type
expression for DGZ [13] and experimental parameters for
Tg, Tm, surface tensions, heat of fusion, and density of
PLLA [14]. The temperature range used in the gradients
(44–100�C or 317–373K) corresponds to the region of
the curve where the rate of nucleation is predicted to
increase monotonically with increasing temperature,
which was observed in our experiments. Limiting the
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time for which crystallization can occur freezes the film
into various stages of nucleation and growth, leading to
a gradient in substrate roughness.
The topography as a function of film position was

measured using an AFM, and the representative images
are shown in Fig. 2(a)–(e). In Fig. 2(a) can be seen the
amorphous surface with only isolated surface contami-
nants and an rms roughness of (0.5470.17) nm. Rough-
ening due to incipient nucleation is observed in Fig. 2(b),
leading to topographic feature heights approximately
(571) nm and an rms roughness of (1.0570.21) nm. In
Fig. 2(c), nuclei are observed with heights ranging from
5 to 20 nm and an rms roughness of (3.8470.92) nm. In
Fig. 2(d), the nucleation density is quite high and the
crystallites are poorly formed, suggesting the rate of
nucleation competes effectively with that of crystal
growth. The maximum rms roughness in this regime is
(13.0070.50) nm. At the highest annealing temperature
shown in Fig. 2(e), the nucleation density has decreased
relative to that in Fig. 2(d) and the rms roughness has
decreased to (11.3470.28) nm. Evidence for significant
crystallite nucleation and the associated increase in
roughness are observed at roughly halfway across the
sample. Based on these images, the measured values for
roughness range from 0.5 to 13.0 nm, shown in Fig. 3.
This range of values can be reproduced regularly using
the described preparation conditions.
We postulate that the variation in substrate char-

acteristics is purely topological and that variations in
surface energy due to chain packing are minimal.
Although contact angle measurements on roughened
surfaces can be complicated by pinning of the contact
line [15], we have measured the water contact angle
across the crystallinity gradient, and found it to be
essentially constant at 75.4�73.4�, consistent with the
results of Park and Griffith who found no statistically
significant difference in the surface energy of amorphous
and crystalline PLLA [7].

3.2. Measurements of cell proliferation

Cell proliferation was investigated using osteoblastic
MC3T3-E1 cells, which were cultured for 1, 3 or 5 d and
counted using automated fluorescence microscopy. In
Fig. 4 is shown a plot of cell number as a function of
position, with each data point representing an average
Fig. 2. Representative AFM images showing the evolution of crystalline mor

annealing temperature of 45�C and an rms roughness of (0.5470.17) nm. (b)

Evidence for incipient nucleation is observed, suggesting some pre-crystallizat

5 nm leading to an rms roughness of (1.0570.21) nm. (c) Image of gradient reg

roughness of (3.8470.92) nm. Distinct nuclei are observed and some crystal

85�C. The measured nucleation density is maximal in this region, leading to

Completely crystallized region of film annealed at a nominal temperature of 1

the crystallites more clearly resolved. The rms roughness is (11.3470.28) nm

uncertainty is denoted by the error bars, which represent the standard devia
over six samples using three different cell populations.
The rate of proliferation appears to be inversely
correlated with the surface roughness and shows a
relatively steady decrease with increasing roughness. A
decrease in rate of proliferation after 5 d at position 1 is
attributed to inadvertent collection of isolated data
beyond the edge of the PLLA film. It appeared that cell
division seemed to occur most rapidly when clusters of
cells were formed. This lead to larger variations in cell
counts at 5 d because cells on local regions of the film
were approaching confluency.
In Fig. 5 is shown a montage of AFM and

fluorescence microscopy images that represent the
observed trends. The results between individual experi-
ments compared favorably with each other, although
there would occasionally be regions in the library with
significantly more or less cells than observed on the
other gradients. The sharpest increase in roughness
occurs toward the crystalline end of the library where
the nucleation density and polymer mobility were
optimal for crystallization and it might be expected that
the proliferation behavior should have a similar step-
function appearance. However, the trend toward de-
creasing proliferation with increasing roughness is
unambiguous.
In Fig. 6 is shown a plot of cell number at 3 d as a

function of rms roughness. To analyze these data, the
Bonferroni method of the Student t-test at ( po0.05) [16]
was used to compare the proliferation results at each
library position with those measured on the smoothest
region of the library. The data from lowest levels
of roughness have a composite roughness of
(0.5470.17) nm to which the proliferation data at
increasing roughness values were compared. The critical
roughness, where a statistically significant decrease in
the average number of cells measured at 3 d is observed,
occurs at (1.0570.21) nm in regions with topographic
features of approximately 5 nm. The registry between
the roughness measurements, taken over domains of
20 mm, and the proliferation measurements, taken over
domains of 1500 mm, is not perfect but the transition to
lower rates of proliferation in the region displaying
incipient nucleation was constant. The proliferation
data at the highest roughness values do not show a clear
trend. This suggests that rms roughness may not be the
correct dependent variable. As it is calculated, rms
phology. (a) Image of the completely amorphous region with a nominal

Image of gradient region annealed at a nominal temperature of 60�C.

ion events occurred. The topographic feature heights are approximately

ion annealed at a nominal temperature of 70�C having a measured rms

lization has occurred. (d) Image of region of film that was annealed at

poorly form crystallites and an rms roughness of (13.0070.50) nm. (e)

00�C. The nucleation density appears to be lower than in image (d) and

and the maximum feature height is approximately 40 nm. The standard

tion over three measurements.
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Fig. 3. Plot of average measured roughness as a function of library

position. The standard uncertainty is denoted by the error bars, which

represent the standard deviation over three measurements.

Fig. 4. Plot of average cell number as a function of library position

after culturing for 1, 3 and 5 d. Each data point represents

measurements on six samples where counts at each library position

were performed in 10 regions of constant degree of crystallinity. The

standard uncertainty is denoted by the error bars, which represent the

standard deviation over multiple measurements.
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roughness does not account for the lateral distribution
of topographic features, which other researchers have
suggested is crucial for determining cellular response [2].

3.3. Mechanisms of effect

Changes in surface properties that effect changes in
adherent proteins are known to have strong influences
on the behavior of MC3T3-E1 cells [17]. One possible
mechanism for the effect of nanometer-scale roughness
is to influence the concentration or conformation of
adherent serum proteins, which might be understand-
able given the comparable sizes of the surface topo-
graphy and the proteins. It is known that cells
reorganize these adherent proteins in a process that is
necessary for proliferation [18], and nanometer-scale
roughness has been implicated in the measurement of
strongly adhering proteins on dialysis membranes [19].
MC3T3-E1 cells have been shown to adhere to
fibronectin and vitronectin-coated surfaces [20], using,
among others, the a5 b1 integrin to bind to fibronectin in
standard culture conditions [17,21]. To investigate this
we performed ELISA experiments on homogeneous
smooth and crystalline substrates. The first experiment
used a model system of human fibronectin without any
other serum proteins and measured adhesion of the
monoclonal antibody that targets the cell-binding
domain of this extracellular matrix protein [12]. The
absorbance values measured in this experiment were
(5.670.6)� 104 and (6.570.2)� 104 for the smooth and
crystalline PLLA, respectively. The second experiment
used a monoclonal antibody for human vitronectin, for
which we found good cross-species reactivity with the
bovine vitronectin in our culture medium. The absor-
bance values measured in this experiment were
(5.070.5)� 103 and (4.571.7)� 103 for smooth and
crystalline PLLA, respectively. Both these experiments
suggest that a minor increase in the amount of adsorbed
attachment proteins might occur on the crystalline
substrate but not one large enough to generate
significant effects on cell proliferation.
While there does not appear to be significant changes

in the serum proteins adsorbed to the gradient library,
we investigated whether systematic differences in the
number, morphology, or distribution of adhesive
structures are formed on different regions of the library.
Cell division can be affected by integrin-mediated
signaling, which involves the formation of adhesive
complexes such as focal adhesions [22]. Receptor
clustering has been implicated as an initial step in the
proliferative response to both extracellular matrix
proteins [18] and growth factors [23]. We stained for
paxillin, a cytoplasmic protein that localizes to focal
adhesions [24], and representative fluorescence images of
the cells are shown in Figs. 7(a)–(c). Fig. 7(a) is on the
smoothest region of the library, Fig. 7(b) on a region of
intermediate crystallinity, and Fig. 7(c) was taken on the
fully crystalline region of the film. The focal adhesions
tend to localize at the periphery of the membrane on the
advancing edges of the cell. No significant differences in
the size of the adhesions or their distribution was
observed, suggesting that the mechanism for inhibiting
proliferation is not dependent on the mode of cellular
adhesion.
Cell area has been shown to be a marker for

changes in rates of proliferation, and Dalby et al. [25]
observed systematic changes in fibroblast morphology
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Fig. 6. Plot of cell number as a function of substrate roughness after

culturing for 3 d. Using the Bonferroni method for the t-test at

( po0.05), the roughness value where a statistically significant decrease

in cell number occurs, as compared to the cluster of measurements

taken at the lowest three roughness values, is at (1.0070.17) nm. This

corresponds to the region of the gradient library where incipient

nucleation occurred, which lead to feature heights of approximately

5 nm. The standard uncertainty is denoted by the error bars, which

represent the standard deviation over multiple measurements.

Fig. 5. Montage of representative images of PLLA morphology from AFM data (top panels, field of view in each image is 20mm), and corresponding
cell count from fluorescent microscopy (bottom panels, field of view in each image is 1500mm).
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on phase-separated polymer blends having topographic
features ranging from 1 to 95 nm that led to variations in
cell shape and F-actin organization. Using AFM, we
quantified the average area per cell across the gradient
libraries after culturing for 1 d and the results are shown
in Fig. 8. No systematic trend is observed across the
sample, suggesting the changes in proliferation on these
samples are decoupled from cell shape.
Changes in the cytoskeleton have also been implicated

in regulating cell proliferation [26], and Dalby et al. [25]
established correlations on the phase-separated polymer
blends they investigated. Compared with the control
substrates having roughness values of approximately
1 nm, cells on the substrates having 13 nm roughness
displayed greater spreading, higher degrees of F-actin
organization, and an increased fraction of cells in
S-phase, suggesting that a link exists between nan-
ometer-scale topography, cytoskeleton organization,
and proliferation [25]. Using phalloidin staining of
F-actin we investigated whether such a relationship
exists in the cellular response to our samples where the
roughness ranges up to 13 nm. In Fig. 9(a) is shown a
representative cell on the smooth part of the library, in
Fig. 9(b) is shown an image from a region with
intermediate crystallinity, and in Fig. 9(c) is shown
one on the fully crystalline part. It was noted that cells
had more polygonal processes on the crystalline
substrate, which might be conforming to the underlying
substrate, but there did not appear to be any significant
variation in the amount or distribution of actin
filaments. This was confirmed across the entire library
by performing quantitative fluorescence microscopy.
The background-corrected integrated intensity per cell
for each column in the library is shown in Fig. 10 and is
seen to be essentially flat, suggesting that indeed there is
no significant variation in amount of F-actin as a
function of substrate crystallinity. In contrast to the
crystallinity libraries, Dalby et al. [25] observed an
increase in cell area and proliferation when comparing
the results of the featureless control surfaces and the
surface with 13 nm features, whereas our results suggest
a significant decrease in proliferation occurs. The reason
for the fundamental discrepancy between crystallinity
gradients and the phase-separated blend of Dalby et al.
is unclear. It should be noted that samples prepared in
our labs having rms roughness values up to 40 nm did
appear to negatively impact actin polymerization and
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Fig. 8. Plot of area/cell as a function of library position. The standard

uncertainty is denoted by the error bars, which represent the standard

deviation over multiple measurements. No systematic trend in area per

cell was observed through visual inspection of the images.

Fig. 7. Fluorescence microscopy images of anti-paxillin-stained cells on: (a) amorphous PLLA, (b) PLLA with intermediate crystallinity, and (c)

fully crystalline PLLA. No significant variation in the number, position or shape of the adhesion plaques were observed across the library. Bar at

lower right in panel (c) represents 20mm.
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cell area (data not shown), but observation of these
markers does not appear to be necessary for the
retardation of proliferation. The contrast between our
results and those of Dalby et al. suggests that the spatial
organization of nanometer-scale topographic features is
capable of positively or negatively regulating mitosis.
4. Conclusions

Using a novel high-throughput method for creating
gradients in polymer crystallinity, we have demonstrated
that cells are exquisitely sensitive to variations in
nanometer-scale topography. Our results indicate that
cells are sensitive to topographic features on the order of
5 nm and that the observed inhibition of proliferation
does not appear to be mediated through changes in
adherent proteins but rather appears to be directly due
to changes in substrate roughness. While correlations
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Fig. 10. Integrated intensity/cell for phalloidin-stained cells. Images

were background-corrected, and the total intensity from the fluores-

cence channel was divided by the number of nuclei counted in each

frame. The standard uncertainty is denoted by the error bars, which

represent the standard deviation over multiple measurements.

Fig. 9. Representative fluorescence images of phalloidin-stained cells after culturing for 1 d on (a) amorphous, (b) intermediate, and (c) crystalline

PLLA. Extensive F-actin networks are observed in each case and no significant variation in cell area is visible although there might be a tendency

toward the formation of polygonal processes on the fully crystallized substrates, which appear to correspond with the morphological features

observed in these films. Bar at lower right in panel (c) represents 20mm.
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between nanometer-scale roughness, actin polymeriza-
tion, and proliferation have been shown in other
systems, our results suggest that cells are much more
sensitive to topography than previously expected, and
the inhibition of proliferation may be mediated through
other mechanisms. The down-regulation of cell division
on crystalline surfaces compared with the up-regulation
on phase-separated polymer blends [25] suggests that the
details of topographic organization are capable of
exerting both positive and negative influences on
proliferation.
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